Compact heat exchangers (CHEs) have been widely used in various applications in thermal fluid systems including automotive thermal management systems. Among the different types of heat exchangers for engine cooling applications, cross-flow CHEs with louvered fins are of special interest because of their higher heat rejection capability with the lower flow resistance. In this study, the effects of geometrical parameters such as louver angle and fin pitch on air flow and heat transfer characteristics on CHEs are numerically investigated. Numerical investigations using five different cases with increased and decreased louver angles (+2 • , +4 • , −2 • , −4 • , and uniform angle 20 • ), with a fixed fin pitch and using three different fin pitches (1.0 mm, 2.0 mm, and 4.0 mm), and with the fixed louver angle are examined. The three-dimensional (3D) governing equations for the fluid flow and heat transfer are solved using a standard finite-volume method (FVM) for the range of Reynolds number between 100 and 1000. The computational model is used to study the variations of pressure drop, flow temperature, and Nusselt number.
Introduction
In recent years, due to the increasing demand by industries for heat exchangers that are more efficient, compact, and less expensive, heat transfer enhancement has gained great momentum. Thus, engineers come out with one brilliant solution to deal with this issue, at which one innovation device has been developed decades ago called compact heat exchanger (CHE). CHEs are characterized by a high surface area per unit volume, which can result in a higher efficiency than conventional heat exchangers. Hence, CHEs are able to transfer more energy in a cost-effective manner than other types of heat exchangers and enable more energy saving when compared to standard technology [1] [2] [3] . CHEs have been widely used in automotive thermal fluid systems such as radiators or air coolers for engine cooling systems and as intercoolers in turbocharging systems. In general, designing of CHEs is required to increase energy saving. The way to improve the thermal performance of CHEs is to find efficient heat transfer surfaces that do not induce much pressure loss. For this purpose, two techniques have been identified which are "passive" and "active" [4] . Passive technique uses special geometries or fluid additives. Active technique has attracted relatively little attention in research and practice due to more costs involved. The passive technique through the use of various surface geometries such as louvered fins CHE is preferred [5] .
Webb [6] provides a survey of the published data and correlations. Louver fin geometry is used widely for heat transfer to air in automotive and room air conditioning heat exchangers such as radiators, condensers, and oil coolers. The louvers act to interrupt the airflow and create a series of thin boundary layers that have lower thermal resistance. Experimental studies aimed at optimizing louvered fin geometries tend to be costly and time-consuming because of the large number of geometrical parameters involved such as louver 2 ISRN Thermodynamics angle, louver pitch, louver length, and fin pitch. Thus, Webb and Trauger [7] and Sahnoun and Webb [8] in their further research used visualization techniques to investigate the relationship between the flow alignment and the geometrical parameters of the louver angle, louver pitch, and fin pitch. They found that the degree of flow alignment at a given Reynolds number is increased as the fin-to-louver pitch ratio is reduced.
Kim and Bullard [9] studied experimentally the air-side thermal and hydraulic performance of multi-louvered fin aluminum heat exchangers. According to them, a multilouvered fin and flat tube CHE is one of the other alternatives that can replace conventional finned-tube heat exchangers. The air-side thermal and hydraulic performance of multilouvered fin and flat tube CHE depends on louver geometry such as fin and louver pitches, louver angle, and flow depth. They concluded that the heat transfer coefficient increases exponentially with face air velocity and decreases with flow depth. Also, pressure drop increases with the increase of louver angle and flow depth and decreases with the increase of fin pitch.
Phan et al. [11] experimentally investigated the effect of a tube row, a fin pitch, and the inlet humidity on airside heat and mass transfer performance of louvered fintube heat exchangers under wet condition. The condition is varied by three fin pitches, two different numbers of tube rows, and two inlet relative humidities. The arrangement of the apparatus consists of a humidity chamber, a cord tester, a water bath, an air-sampling unit, and a data acquisition system. The type of fin used in their study is louver with three different fin pitches (1.42 mm, 1.62 mm, and 1.83 mm) and two different numbers of tube rows which are 2 and 3. From their results, it has been noted that for two rows of tube heat exchanger, the heat transfer decreases and the friction increases with the increasing of fin pitch. The j-factor and ffactor of the fin pitch 1.83 mm are lower about 16.4% and are higher about 22.3%, respectively, than those of the fin pitch 1.42 mm. The flow pattern at wet condition of the fin-tube exchanger is different from that at dry condition. When the fin pitch is small, the quantity of condensate water remaining on the fin-tube surface increases and distorts the air flow pattern across the heat exchanger more intensely which leads to higher heat transfer.
The effect of geometrical and environmental parameters on thermal and hydraulic performance of louver fin flat plate CHE are experimentally studied by Zhong and Jacobi [12] . For the apparatus, it consists of an environmental chamber, a wind tunnel with heat exchanger test section, a coolant supply system, and also a data acquisition system that was constructed to test the CHE under frosting condition. They pointed out in their experimental work that the increasing in frost accumulation is a strong function of the operating condition. It seems that the ratio of the pressure drop during frost growth to the initial pressure drop without frost is same for that CHE with same flow depth but different in fin pitches. A low coolant temperature, large air flow depth, or small fin pitch lead to a fast increase in pressure drop.
Cowell et al. [13] and Achaichia and Cowell [14] studied the heat transfer performance of multi-louvered fin in CHE.
They pointed out that the louvered fin CHE provides better heat transfer performance than other types of heat exchanger due to the louver array's flow directing properties which caused the increment in velocity of the working fluid relative to the elemental flat-plate surfaces. Other important factors are because of the manufacturing advantages of louvered fins, which can be produced with larger fin height and higher fin density. The larger fin height and greater fin density yield surfaces with a larger proportion of enhanced secondary surface. From their studies, it can be seen that louvered fins have higher values of the hydraulic diameter ratio than any of the surfaces, and it can be concluded that these louvered fins are worthy of consideration for applications in which size, weight, and pumping power are particularly important.
Malapure et al. [15] performed numerical investigations on the fluid flow and heat transfer characteristics over louvered fins and flat tube in CHEs. Each case is performed for different geometries with change of louver pitch, louver angle, fin pitch, and tube pitch and also for different Reynolds number cases. They found that at low Reynolds number, the flow is fin-directed; while at high Reynolds number, the flow is louver-directed. They concluded that the Nusselt number is substantially high at the fin tip and at the leading and trailing edges of the louver. The friction factor decreases with the increase of fin pitch.
Jung and Assanis [16] outlined in their numerical work that a predictive heat exchanger model is advised for the investigation of the effect of the geometric changes due to the nonlinear characteristics of the heat exchanger performance related to geometric changes. For the demonstration of the predictive capability of the model, the effects of the radiator aspect ratio and the core size on the heat rejection rate were explored and presented in their study. Their results show that radiator with larger aspect ratio performed better than smaller aspect ratio case. Heat rejection was increased as much as 8% by changing the aspect ratio from 0.5 to 1.5 with the same core size. They also found that as the core size is reduced, the heat rejection rate is decreased, but not in a proportional manner. A more comprehensive study was carried out by Kajino and Hiramatsu [17] . They solved the stream function and vorticity equations for incompressible, steady, and laminar two-dimensional flows over flat louvered fins using finite difference methods.
Although many studies on louver fin have been reported; they are based on the assumption that the louver angle is uniform. Hsieh and Jang [10] numerically computed the conjugate heat transfer characteristics of the louver fin heat exchangers with variable louver angle. Their results indicated that the successively variable louver angle patterns applied in heat exchangers could effectively enhance the heat transfer performance. Their invention initiated the present study to gain further insight into the louvered fin CHE. Thus, the present study deals with 3D numerical simulations of laminar flow and heat transfer characteristics of variable louver angles and fin pitches in CHE using Reynolds number ranging from 100 to 1000. Results of interests such as Nusselt number and pressure drop coefficient are reported to illustrate the effects of change in louver angle and fin pitch on CHE performance. 
Formulation of the Problem

Model Description.
This study covered the investigation, simulation, and the analysis of changes in geometrical parameters changes of louvered fin compact heat exchanger, CHE. Figure 1 shows the physical model and computational domain for the louvered fin CHE. The model consists of an entrance and exit louver with three louver fins on either side of the centre of the fin geometry. For basic information, louver pattern is generally a pattern like window with horizontal slats at which each one of the rectangular plate from Figure 1 is designed with some inclination angles. This louver pattern is applied along the fin of the CHE. In every layer of the fin, the pattern is designed as in Figure 2 to improve the performance of heat rejection as the fin design plays the biggest role in producing the highest efficiency of the CHE. Also, the flow for each case will be assumed as laminar flow for inlet air velocity ranged from 0.3 m/s to 15 m/s. As for this investigation, the performance of louvered fin CHE on thermal and hydraulic analysis is evaluated by varying the louver angle and fin pitch.
The Effect of Louver Angle.
In this section, the analysis is carried out by using five different cases in different arrangement of louver angles as shown in Figure 2 . By referring to According to the 5 listed cases, for case A, the louver angle is added by 2 • , towards the center of the fin surfaces, and for case B, the louver angle is added by 4 • , towards the center of the fin surfaces, and both cases showed that the louver tilt angles of the inlet fins are set to be 20 • , and the three entrance louvered fins and frontal redirection are successively increased by 2 • and 4 • , respectively, and then another three are successively decreased 2 • and 4 • , towards the exit. Apart from that, for case C, the louver angle is decreased by 2 • , towards the center of the fin surfaces, and for case D, the louver angle is decreased by 4 • , towards the center of the fin surfaces, and both these cases showed that the louver tilt angles of the inlet fins are set to be 26 • for case C and 32 • for case D, and the three entrance louvered fins and frontal redirection are successively decreased by 2 • and 4 • , respectively, and then another three are successively increased 2 • and 4 • , towards the exit. Also, case E is set up to have uniform 20 • for the entire louver angle taken from the inlet up to the outlet. The specified dimensions of the present louvered fin CHE for this analysis are given as follows.
Fin pitch (1.00 mm); Louver pitch (1.00 mm); Fin thickness (0.05 mm);
Flow length (9.00 mm);
Inlet air temperature (T in ) (20 • C);
Inlet air pressure (P in ) (0.0 Pa);
Fin wall temperature (T w ) (60 • C);
Frontal velocity (u in ) (1∼15 m/s).
The Effect of Fin Pitch.
To investigate the effect of fin pitch on heat transfer performance of louvered fin CHE, the louver angle chosen is fixed at 20 • throughout along the fin but the fin pitch is now chosen to be the variable. It consists of three variables which are (1) case A (fin pitch = 1.0 mm);
(2) case B (fin pitch = 2.0 mm);
(3) case C (fin pitch = 4.0 mm).
For each case, the other dimensions of the CHE are being fixed as stated below.
Louver pitch (1.00 mm);
Fin thickness (0.05 mm);
Inlet air temperature (T in ) (20 • C); 
Governing Equations.
To focus on the effect of geometrical parameters with different arrangements of louver angle and variable fin pitch on the louvered fin CHE performance, the following assumptions are made: (i) both fluid flow and heat transfer are in steady state and three-dimensional;
(ii) fluid is assumed to be incompressible and laminar; (iii) properties of both fluid and fin material are temperatureindependent; and (iv) At the solid surfaces of louver fins, noslip conditions and constant wall temperature T w (60 • C) are specified which act as the heat generator and the temperature of it will be maintained throughout the simulation, so that it will supply heat to the region covered inside the domain. The continuity, momentum, and energy equations for the problem can be written as [18] the following.
Continuity. Consider
∂U ∂X + ∂V ∂Y + ∂W ∂Z = 0.(1)
Momentum
where X = x/F p , Y = y/F p , Z = z/F p , U = u/u in , V = u/ u in , and W = w/u in . Pr is the Prandtl number, which is set equal to 0.71 (for air) in the present study.
Boundary Conditions.
Boundary conditions for all the boundaries are specified for this simplified computational domain for all the cases studied. At the entrance of the domain (X = 0, from Figure 1 ), the inlet air temperature is taken as 20 • C and the uniform inlet velocity of the air is calculated using Incropera and DeWitt [19] .
where F p is the fin pitch of the louvered fin and u is the fluctuation velocity. In current simulations, following Park and Pak [20] , the inlet velocity determines the Reynolds number of the flow. The Reynolds number considered in this work is ranged from 100 to 1000. In calculating the inlet velocity of the air, the air is assumed to be evenly distributed through the louvered fins. The transverse velocities at the inlet are assumed to be zero. At the domain wall, not slip conditions are applied and the velocities are zero, and it is assumed to be an adiabatic surface. Boundary conditions at the inlet:
At the outlet:
At the fluid-solid interface:
At the wall of fin:
In (5a), (5b), (5c), and (5d), U and θ are the dimensionless air inlet velocity and dimensionless temperature, respectively, P is the dimensionless pressure at the outlet, n is the direction normal to the wall or the outlet plane, and θ w is the constant wall temperature. The constant wall temperature of 60 • C is applied at all the fin surfaces in the domain. The thermophysical properties of air and solid used in the computation are = 1.225 kg/m 3 , c p = 1.005 kJ/kg·K, μ = 0.00001.7894 kg m.s, κ = 0.0257 W/m·K, and κ s = 202.4 W/m·K.
Numerical Solution Using FVM, Grid Testing, and Code Validation Numerical Procedure
The governing conservations (1)- (3) with the corresponding boundary conditions and equations for solid and fluid phases are simultaneously solved as a single-domain conjugate problem using the finite-volume method (FVM) with a hybrid differencing scheme [18] . The standard SIMPLE algorithm is used as the computational algorithm [21, 22] . The iterations are continued until the sum of residuals for all computational cells became negligible (less than 10-7), and velocity components did not change from iteration to iteration. Because of the assumption of constant fluid properties and negligible buoyancy, the mass and momentum equations are not coupled to the energy equation. Therefore, the temperature field is calculated by solving the energy equation after a converged solution for the flow field is obtained by solving the momentum and continuity equations. A threedimensional mesh is generated for the numerical simulations, and an extensive mesh testing is performed to guarantee grid independent solutions. For this purpose, three grid systems, 112 × 21 × 10, 212 × 42 × 10, and 312 × 42 × 10, are tested for inlet velocity, u in = 5 m/s to ensure the accuracy and validity of the numerical results.
The results have shown that the relative errors in the local temperature and pressure between the solutions of 212 × 42 × 10, and 312 × 42 × 10 are less than 3.3%. Thus, a computational cell with 212 × 42 × 10 grids is employed throughout the computation for all analysis in this study. To validate the present computational model, the comparison of present results with data available from Hsieh and Jang [10] is presented in Figure 3 , which shows the variation of Nusselt number along the flow direction. The Nusselt number obtained from present study has been computed using increased louver angle by 4 • (case B) with inlet velocity of 5 m/s. As shown in Figure 3 , the comparison between the present results and data of Hsieh and Jang [10] is agreed well. It can be also observed that, for both present and Hsieh and Jang [10] study, the variation of Nusselt number is in the form of fluctuating by having a maximum and a minimum value for each louver along the flow direction.
Results and Discussion
The performance of CHE with louvered fins on thermal and hydraulic analysis is affected by the geometry of its components. The present study mainly evaluates the effect of louver angle and fin pitch on the flow and heat transfer. To study the effect of louver angle, five different cases of different arrangement of louver angles are carried out which are case A (+2 • ), case B (+4 • ), case C (−2 • ), case D (−4 • ), and case E (uniform = 20 • ). For the effect of fin pitch, the analysis is carried out with fixed louver angle at 20 • throughout along the fin but the fin pitch is now chosen to be the variables which are case A (4 mm), case B (2 mm), and case C (1 mm). 
Effect of Variable Louver
where h is defined as
where q is the local heat flux, T w is the constant wall temperature (60 • C), and T b is the local bulk mean temperature of the fluid. It can be seen from Figure 4 that the there is a maximum and minimum value of Nu of each louver for all the cases due to the repeated growth and destruction of the boundary layer [10] . It is also found that Nu for each case (cases A-D) is higher than those for the uniform louver angle (case E). The highest Nu is obtained for case B, followed by case D, A, and C. This is because the larger louver acts to interrupt the airflow and creates a series of thin boundary layers that have lower thermal resistance as reported by Hashim [23] . This results in higher heat transfer performance for larger louvered angle fins of CHE. However, a larger louver angle would also contribute to the increase in the pressure drop coefficient as seen from Figure 5 . The local pressure drop can be expressed in terms of the dimensionless pressure coefficient C p defined as
where P in is the pressure at inlet. It is shown that C p for all the cases (cases A-D) is higher than those for the uniform louver angle (case E), and changes in C p is more significant especially at the flow exitance.
Effect of Louver Fin with Variable Fin
Pitch. For all cases of louvered fins of CHE studied, it is observed that the higher temperature region occurs near the louvers at flow 6 ISRN Thermodynamics exitance while minimum temperature occurs in the region near the flow entrance zones. Figure 6 shows the temperature distribution of uniform louver angle (20 • ) with fin pitch of 1 mm (case A) at Re = 500 according to the phenomena described above. Although the temperature distribution for all the cases is not shown in the figure, but the similar trend is obtained as well as for case B and C. However, the temperature gradient is more pronounced for smaller fin pitch compared to the larger one. Therefore, higher heat transfer performance is expected for louvered fin with smaller pitch. Figure 7 shows the pressure distribution of the CHE for uniform louver angle (20 • ) with fin pitch of 4 mm (case A) with Re = 500. It is observed that the high pressure region occurs at the entrance, and low pressure region occurs at outlet of the CHE. It is also inferred from Figure 7 that the pressure is decreasing along the flow from inlet to outlet. A similar trend is observed for all the cases studied. It is found that the pressure gradient for case A is more apparent compared to case B and C. Thus, the higher pressure drop may occur in louvered fin with smaller pitch. It should be noted that the fluid path in the numerical simulation does not include the fittings and pipes between the pressure transducers used in the actual design of an CHE [23] . The effects of fin pitch on the thermal hydraulic performance are evaluated in terms of Nusselt number (Nu) and pressure drop coefficient (C p ). The Nu and C p for three different values of fin pitches (cases A-C) are calculated using Figures 8 and 9 , respectively. It can be seen from Figure 8 that the smallest fin pitch (case A) yields higher values of Nu compared to case B and C. The reason why louvered fin with smaller pitch provides better heat transfer performance compared to the larger one is that the louver with smaller pitch caused the more disturbances in flow of the working fluid and the boundary layer relative to the elemental flat-plate surfaces [13] which has been proven in current results. Generally, the flow in louvered fin with smaller pitch generates more swirls and recirculation around their corners, thereby resulting in large pressure drop as reported by many researchers [24] [25] [26] [27] [28] . This engenders larger C p in case A, followed by cases B and C as shown in Figure 9 . Thus, the present results indicated the successively louvered fin with smaller pitch patterns applied in CHE could effectively enhance the heat transfer performance with the pressure drop penalty.
The averaged Nusselt number (Nu) distribution with Reynolds number for different fin pitch values (cases A-C) is shown in Figure 10 . It can be seen that as the Reynolds number increases, Nu for all the cases examined also increases nearly linearly. This is because the Reynolds number is increased by increasing the inlet velocity. As a result, there will be an increment of fluid velocity inside the flow through the fins. Therefore, this increment disturbs the flow, and the heat transfer is strengthened when the Reynolds number is increased. It can be observed from this figure that the Nu for case A is the highest followed by cases B and C at all numbers of Reynolds number. The difference in Nu between the cases A-C is more apparent at higher Reynolds number. This is because, at higher Reynolds number, the boundary layers are thinner and the flow itself is almost aligned with the louvers which cause the difference among cases A-C to be more significant [23] . The pressure drop coefficient (C p ) profile versus Reynolds number for different fin pitch value configurations is shown in Figure 11 . From this figure, it can be seen that the C p rises almost linearly with the increase of Reynolds number. A similar trend is observed for all the cases studied.
Conclusion
Numerical simulations on fluid flow and heat transfer characteristics over louver angle fin CHEs are reported in this study. Flow is assumed to be laminar and three-dimensional, and a computational domain from the fluid inlet to outlet is solved directly for the Reynolds number ranged from 100 to 1000. The impacts of using variable louver angles (+2 • , +4 • , −2 • , −4 • , and uniform angle 20 • ) and louvered fin with variable fin pitches (1 mm, 2 mm, and 4 mm) on both thermal and hydraulic of CHE are presented, investigated, and compared. Based on the obtained results, the following conclusions can be drawn.
(1) There is a maximum and minimum value of Nusselt number at each louver along the flow direction because of the repeated growth and destruction of the boundary layer. The Nusselt number are all higher for successively increased or decreased louver angle compared to uniform louver angle, and the highest value of Nusselt number is achieved for case B (+4 • ).
(2) The result revealed that the pressure drop coefficient for all the cases of successively increased or decreased louver angle (cases A-D) is higher than those for the uniform louver angle (case E), and the highest value of pressure drop coefficient is achieved for case B (+4 • ). Thus, larger louvered angle fin contributes to the greater pressure drop penalty. 
